as a control and background for cysteine substitutions. pore-forming domains may show a 4-fold rotational symWe assume that channels composed of these subunits metry. However, this places a symmetry mismatch beprimarily exist in the closed state (absence of glutamate) tween the ligand binding domain (2-fold symmetry) and or in the closed and open states (presence of glutamate). the ion channel (4-fold symmetry) (Sun et al., 2002) . Cd 2ϩ can bind to multiple, closely located cysteine and The M2 loop and the M3 segment represent major noncysteine ligands (Holm et al., 1996) . We therefore inipore-lining domains in GluRs ( Figure 1A ). The M2 loop tially screened for effects of Cd 2ϩ on channels containing shows a strong structural homology to the corresponding domain, the P loop, in K ϩ channels , cysteines substituted at pore-lining positions, including 2001; Panchenko et al., 2001 ). The M3 segment, which the Q/R site (Q582) at the approximate tip of the M2 loop like the homologous domain in K ϩ channels is involved and those in the M3 segment ( Figure 1A ). We were interin channel gating, is ␣-helical .
ested primarily in effects that lasted beyond the application of Cd 2ϩ since they presumably reflect Cd 2ϩ interacting with more than one ligand.
*Correspondence: asobolevsky@notes2.cc.sunysb.edu Figure 1B ). This inhibition was robust and strongly voltglutamate did not alter glutamate-activated currents ( Figure 2B ). Hence, the onset of Cd 2ϩ block is "use depenage dependent (data not shown) but was rapidly and completely reversible upon removal of Cd 2ϩ , resulting in dent," suggesting that Cd 2ϩ acts as an open-channel blocker of LϪ5C and Aϩ6C channels (Sobolevsky, 2003) . no significant difference between I pre and I post ( Figure 1E ). Similar results were obtained for most cysteine-substi-LϪ5 is presumably located deep in the pore, just external to the tip of the M2 loop, whereas Aϩ6 is located 11 tuted channels. However, in two instances, LϪ5C and Aϩ6C ( Figure 1C ), glutamate-activated currents followpositions or 16.5 Å (3 turns of an ␣ helix) more externally ( Figure 1A Figure 2A shows not only the onset of block but also, after the Cd 2ϩ applications were terminated, a slow re-Aϩ6C ( Figure 1D ) as well as wild-type and other cysteinesubstituted channels ( Figure 1E) . covery of glutamate-activated current amplitudes, presumably reflecting the offset of block. Given its long Of the cysteine-substituted channels tested, only two, LϪ5C and Aϩ6C, were blocked by Cd 2ϩ in a long-lasting time course, this slow recovery could reflect insertion of new AMPARs into the membrane. However, for Aϩ6C, manner. Since this inhibition was not observed for wt' or other cysteine-substituted channels, we assume that it glutamate-activated currents were inhibited by the sulfhydryl-specific reagent qBBr (right after a 1 min qBBr apreflects a direct interaction of Cd 2ϩ with multiple ligands including the cysteines introduced at positions Ϫ5 plication, % change ϭ 42% Ϯ 3%, n ϭ 3) and showed no recovery over time (30 min later, 49% Ϯ 7%, n ϭ 3). Hence, and ϩ6. We therefore studied the mechanism of this Cd 2ϩ inhibition in more detail. To quantify the voltage dependence of the block and unblock, we fitted the onset and offset kinetics of gluta- Figure 2A shows the pulsive protocol we used to study the kinetics of Cd 2ϩ block and unblock of LϪ5C and Aϩ6C mate-activated current amplitude at different membrane Figure 7C ). To distinguish these tion ( Figure 6C ). These models assume that a reagent interacts with any 1, 2, 3, or 4 of 4 substituted cysteines, alternatives, we studied how well the corresponding kinetic models (Models 1Cd, 4Cd, and 2Cd in Experimental independent of their relative positioning. In contrast, Cu:Phen requires two closely located cysteines, with the Procedures) fitted the onset of block at different Cd 2ϩ concentrations. Since different numbers of Cd 2ϩ ions probability of disulfide bond formation between cysteines steeply dependent on the distance between their (one for Model 1Cd, two for Model 2Cd, and four for Model 4Cd) are necessary to inhibit current flow, the onset kinet-␤ carbons (Careaga and Falke, 1992). We therefore tested two additional, spatially constrained models and asics predicted by these models is very different ( Figures  7D-7F ). Model 2Cd provided the best fit of the onset kisumed a priori that given the wide diameter of the pore at Aϩ6, any crosslinking would occur between adjacent netics at different Cd 2ϩ concentrations (Figures 7C and  7F) . In addition, a re-analysis of the voltage dependence rather than diagonal subunits. The first model (A in Figure  6C ) allows any two neighboring Aϩ6 cysteines to be of the block using Model 2Cd yielded ␦ on ϭ 0.14 Ϯ 0.01, a value indistinguishable from that for MTSEA reactivity crosslinked. Model A implies that all four Aϩ6 cysteines are equivalent and, therefore, is consistent with 4-fold Figure 6C ), but the number (Figures 7D-7F) . terval between the end of the reagent application and the first gluta-
Reactivity of

